Increase in withdrawals from the Duck River throughout the basin would reduce minimum flows at key sites along the river. The reductions would increase through the year 2015. For an operational flow of 155 cubic feet per second (ftVs) at Shelbyville, flow at Columbia would be reduced from 136 ftVs in 1995 to 120 ftVs in 2015. For a lower operational flow of 120 ftVs at Shelbyville, flow at Columbia would decrease from 101 ft3/s in 1995 to 85.4 ftVs in 2015.
The study also included an overview of the potential for developing the ground-water resources in the basin. Previous studies indicate that ground-water occurrence is irregular and difficult to predict because of the lack of homogeneity among the limestone rocks underlying the basin. Statistical analyses of yields to 5,938 wells in the basin showed that the highest yields occur in Coffee County, and that 75 percent of these wells produced less than 30 gallons per minute.
INTRODUCTION
Water demand in the upper Duck River basin in Middle Tennessee increased significantly from 1980 to 1990. Water for domestic, industrial, and commercial uses from public-supply facilities (municipal use) increased from 18.0 million gallons per day (Mgal/d) in 1980 to 20.9 Mgal/d in 1990 percent. Projected residential, industrial, and commercial developments in the basin suggest that water use will continue to increase. Considerable uncertainty exists among officials from agencies in the basin and from the State of Tennessee whether existing water supplies are adequate to meet additional demands. Long-term projections are needed to determine if the Duck River, the principal source of water in the basin, can supply anticipated future demands.
In 1989, the U.S. Geological Survey (USGS) began an investigation to document trends in water availability and use in the upper Duck River basin. The study also included estimates of future water demands through year 2015. The project was conducted in cooperation with the Upper Duck River Development Agency and the Tennessee State Planning Office. This report summarizes the findings of the investigation.
Purpose and Scope
The purposes of this report are to:
Summarize data on surface-water availability in the upper Duck River basin.
Summarize available data on ground-water resources.
Summarize the amount of water delivered to the principal customers within each public water-supply service area in the basin.
Provide estimates of future water demand for the years 1995, 2000, and 2015.
The study area comprises the drainage area of the upper Duck River basin within Bedford, Coffee, Marshall, and Maury Counties, and part of southern Williamson County ( fig. 1 ). The study was limited to this area because water demand from the Duck River will most likely increase as a result of growth in these counties (Steven Parks, Director, Upper Duck River Development Agency, oral commun., 1989) .
The investigation included an inventory of water use in the upper Duck River basin, and excludes any assessment of the availability of streamflow for maintaining water quality. Estimates of future water demands in the basin were made with the Institute for Water Resources-Municipal and Industrial Needs (IWR-MAIN) System water-use models designed by Planning and Management Consultants, Ltd. under contract with the U.S Army Corps of Engineers, Institute for Water Resources (U.S. Army Corps of Engineers, 1988) . The ground-water availability study was limited to an analysis of existing well records and the measurement of streamflow gains and losses (seepage investigations) along tributaries of the Duck River during two low-flow periods.
Approach
The following tasks were designed to accomplish the project objectives:
Surface-water availability was evaluated using existing streamflow records, including periods of minimum flows.
An inventory of wells in the study area, including a statistical analysis of yields to wells, was performed to analyze the potential for ground-water resources development. Measurements of streamflow during dry weather periods were conducted in two subbasins of the study area to provide additional data on ground-water resources.
Municipal water use was analyzed using data collected for 1980, 1985, 1989, and 1990 .
The IWR-MAIN water-use models were calibrated for the study area using demographic and economic data for 1989. The calibrated models were used to estimate municipal water demands for the years 1995, 2000, and 2015. 
HYDROGEOLOGIC SETTING
The upper Duck River basin drains parts of the Highland Rim and Central Basin physiographic regions of Tennessee (Miller, 1974) (fig. 2) Minimum flows of the upper Duck River in Bedford, Marshall, and Maury Counties increased significantly since the construction of Normandy Reservoir. The 3-day 20-year (3Q20) minimum flow represents the lowest mean daily flow on a consecutive 3-day period with a recurrence interval of 20 years. Estimated values of 3Q20 at Shelbyville and Columbia before (Bingham, 1985) and after (U.S. Geological Survey files, Nashville) completion of the damsite are as follows: 8 1905-08 95.4 61.7 1978-91 1921-76 The different geologic and hydrographic conditions of the Highland Rim and Central Basin regions play an important role in the availability of ground-water resources in the area. The Highland Rim is underlain by chert and clay-rich limestone of the Warsaw Limestone and the Fort Payne Formation of Mississippian age (Miller, 1974) . Although the occurrence of large quantities of ground water is variable and requires careful site selection, as much as 860 gallons per minute (gal/min) per well may be produced in a few places from the Fort Payne Formation (Burchett, 1977) . Residuum in northeastern Bedford County, ranging in thickness from 10 to 80 feet, stores large quantities of ground water that discharges to tributaries in the basin. This discharge helps to maintain base flow in the Duck River as the river flows out of the Highland Rim region. In contrast, the Central Basin is underlain by the Murfreesboro, Ridley, Lebanon, Carters, and BigbyCannon Limestones of Ordovician age (Miller, 1974) . The occurrence of ground water in these limestone rocks is extremely variable. The highest yields to wells occur at depths shallower than 150 feet in sheet-like dissolution openings, usually extending laterally a few thousand feet in any direction (Brahana and Hollyday, 1988) . Yields to wells as high as 70 gal/min can occur within the Ridley Limestone (U.S. Geological Survey files, 1992). Residuum is usually less than 15 feet thick, stores little water, and as a consequence the natural base flow of the Duck River and its tributaries decreases downstream of Shelbyville (Burchett, 1977) .
Ground-water use in the study area is for municipal and for domestic supply. The yields of several industrial wells that tap the Fort Payne Formation of the Highland Rim section in Coffee County are generally less than 100 gal/min.
WATER AVAILABILITY
Surface-and ground-water availability in the upper Duck River basin varies seasonally, annually, and geographically. The Duck River is the main source of municipally used surface water in the basin. Springs and wells of varying yields supplement the municipal water supply from the Duck River and provide water to domestic systems. The elements of the study related to ground water were limited to:
An inventory of well data to determine range of yields to wells within each county in the study area; and A seepage investigation in two subbasins to identity areas for potential ground-water development.
The scope of the project did not include an in-depth assessment of the ground-water resources in the study area. The information collected is inadequate to provide a practical assessment of the potential for development of additional ground-water supplies throughout the basin. The complex nature of the geology and ground-water flow in the limestone rock fractures underlying the basin will require additional investigation to properly assess the ground-water resources. Such an investigation would involve extensive data collection and test drilling.
A summary of yields to wells within the study area was compiled from files maintained by the USGS and the Tennessee Division of Water Supply (TDWS), Tennessee Department of Environment and Conservation (TDEC). The files contained records of 5,938 municipal, industrial, and domestic wells with a diameter of 6 inches or greater. Statistical analysis of yields from the wells in the inventory was performed. The values of the median and quartiles (25th and 75th percentile) are graphically displayed as box plots ( fig. 3) . Extreme values (those greater than 100 gal/min.) are not displayed so that the quartile ranges may be more clearly represented. In Bedford County, 9 wells had yields greater than 100 gal/min; Coffee County, 117 wells; Marshall County, 6 wells; and Maury County, 13 wells. The analyses showed that:
Median yields to wells ranged from 5 gal/min in Maury County to 20 gal/min in Coffee County. exceeding 30 gal/min, and a maximum individual yield of 1,000 gal/min.
Lowest yields were recorded in wells from Maury County, with 25 percent of the wells with yields of 12 gal/min or more. However, wells with yields as high as 500 gal/min have been drilled in the county.
The statistical analyses suggest that there is less likelihood that a well constructed in Maury County will have a yield as large as 100 gal/min as would a well constructed in Coffee County. However, the potential for ground-water development of a specific site in either county must be evaluated on factors pertinent to that site, rather than on statistical data of the entire county.
Seepage investigations can be used to screen potentially more productive areas from less productive areas within a ground-water basin prior to drilling (Burchett, 1977) . The method uses discharge measurements made at selected points along a stream and its tributaries. The measurements must be made during a period of no surface runoff. Under this condition, streamflow is composed entirely of aquifer discharge. Using a large-scale map (preferably a 7V2-minute topographic quadrangle map) to locate each measurement site, the drainage area for the site is measured and both the change in drainage area (*A) and the change in discharge (*Q) from the next site upstream are calculated. Relatively large values of the ratio of change in discharge to change in drainage area (AQ/AA, where A A is at least 0.01 mi2) reflect significant gains from the aquifer (or losses to the aquifer when the ratio results in a negative value), and indicate areas where water flows through the aquifer with a relative degree of ease. Rock or sediments in these areas has greater permeability than that in areas characterized by low AQ/AA values, and potentially will provide greater yields of water to wells.
For this study, two seepage investigations were conducted: one at Hurricane Creek basin (Bedford County) and another at the East Fork of Big Rock Creek basin (Marshall County) ( fig. 2) . Analyses of the data from the studies (table 1) indicate several sites with comparatively high ratios of AQ/AA, suggesting the potential for ground-water development in these subbasins. Discharge and area data are presented in Flohr and others (1991) . A previous seepage investigation in several subbasins within Maury and Williamson Counties also showed several sites with potential for ground-water development (Lowery and others, 1987) . Confirmation of the actual ground-water resources in these areas will require detailed investigations and test drilling. 
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WATER USE
The upper Duck River basin is divided into four municipal water-service areas (WSA's)-Bedford, Coffee, Marshall, and Maury whose boundaries closely coincide with their respective county boundaries ( fig. 1 ). Municipal water use in the basin increased 16 percent from 1980 to 1990 (Alexander and others, 1984 ; Tennessee Division of Water Supply files, 1990; U.S. Geological Survey files, 1985 Survey files, , 1988 Survey files, , and 1990 (table 2) . Correspondingly, the number of customer connections increased about 13 percent. Most of the increase occurred in recent years. The Maury WSA had an increase in water use of 11 percent from 1988 through 1990, the largest in the study area. Overall water use in the basin in the same period increased only 7.4 percent. These increases in water use are principally due to growth in the residential and industrial sectors. Weather affects the water-use patterns in the basin. During the summer season (May, June, July, and August) when temperatures are higher, water use increases because of outdoor use. If rainfall is below normal for the season, water use increases even more. Precipitation data from a weather station at Columbia and water-withdrawal records from the Columbia Water Department (Maury WSA) for a drought year (1988) were compared to data for a year with sufficient summer precipitation (1989) (fig. 4 ). During 1988, the total departure from normal rainfall during the summer season (May, June, July, and August) was -6.6 inches (U.S. Department of Commerce, 1989 (Howe and Linaweaver, 1967) .
Water use for the public-supply systems and municipally supplied industries in the study area, for 1989 was estimated from an inventory of use. The inventory was conducted in 1990 in cooperation with TDWS. Twenty-four public-supply systems provided data detailing the source of supply; daily averageannual amount of water withdrawn or purchased (table5); maximum daily withdrawal; population served; number of connections; distribution amounts to residential, commercial, and industrial users; conveyance losses; and free service. The municipally supplied industries provided data detailing their source(s) of supply, daily water usage, normal operation schedule, Standard Industrial Classification ( 
WATER-DEMAND SIMULATION
Future municipal water demands within the upper Duck River basin were estimated using the Institute for Water Resources-Municipal and Industrial Needs System.
Econometric demand and requirement (usually of the unit-use type) models calculated water demand as a function of socioeconomic parameters. Each of these parameters was projected for the future years for which water demand was estimated.
The IWR-MAIN System is used primarily to test assumptions and the effects that various assumptions or changes would have on water use in the basin rather than as a predictive tool to generate absolute values showing future water use. This use of the system and the basic assumptions about growth, land use, population, and technology determine the results. If the assumptions are changed (for example, population decreases in the area), the water-demand results will change. The results depend on the validity of the assumptions.
Model Description
The IWR-MAIN System is a water-demand forecasting system that contains a range of water-use models, socioeconomic-parameter generating procedures, and data-management techniques (U.S. Army Corps of Engineers, 1988) . Nonmunicipal or rural water demand is not simulated by the IWR-MAIN System. The IWR-MAIN System architecture allows for spatial, sector, and seasonal disaggregation of a study area (fig. 5 ). The unit for spatial disaggregation is the WSA. This unit may correspond to a city-wide or county-wide public-supply facility or consist of all public-supply facilities within a county or basin. The system divides municipal water users within each WSA into four major sectors: residential, commercial, industrial, and public/unaccounted. Each sector is further disaggregated into a number of categories for simulation purposes ( fig. 5 ). The seasonal dimensions of the system consider any one of the elements of annual average, winter or summer season, or maximum daily use for each sector and category.
The relation between the calibration and the simulation processes of the IWR-MAIN System is displayed graphically in figure 6. The schematic illustrates how the data modules (top) relate to the computational modules (middle) and to the results (bottom). The base-year data are used to produce future-year data by means of internal models that project growth for the various socioeconomic parameters. The growth in economic parameters (future data) also may be produced externally by the user and added to the model. Base (or calibration) year data are incorporated into the water-use models to simulate base (or calibration) year water use. If the base and calibration year are different years, selected future-year data also are incorporated into the model. The water-use models are calibrated by adjusting the library values-model constants, parameter coefficients, climatic values~to reflect local socioeconomic and climatic conditions. Base-year and future-year data are manipulated by the water-use models to calculate water demand for future years.
The 5.1 version of the IWR-MAIN System was used in this study (U.S. Army Corps of Engineers, 1988) . The user's manual and system description provides additional details for much of the discussion presented in this section of the report.
Demand Models
The econometric water-demand models relate socioeconomic parameters to water use for the residential, industrial, and commercial sectors (table 7) . For the purposes of this study, these models were applied only to the residential sector. In this study, the residential sector was disaggregated into two categories: (1) metered and sewered, and (2) flat rate with septic tank (fig. 5 ). The number of housing units in each category is the significant variable driving the residential models. Housing value and price of water are the principal economic variables. coefficient demand models containing elasticities for housing value and water use. Water use is then aggregated by the model to produce a weighted residential water use for the water-service area, including maximum daily and annual average use. Housing value acts as a proxy for income. Marginal price and bill difference (Appendix A) variables capture the effects of change in the water-rate structure on disposable income.
The MW winter-demand equation demonstrates a linear relation between quantity of water and various housing and pricing variables. As the following equation indicates, the projected quantity of water increases as the housing values increase; and water demand decreases as the marginal price of water and the effective annual bill difference increase. 
Metered and Sewered Residential Model
Water demand for the metered and sewered (MW) category is calculated for each housing value range for the winter and summer seasons by applying multiple-(QD)nu = (234 + 1.451 V/Fa -45.9Pa -2.59IJN,, (1) where Q is water usage, in gallons per day; D is winter or indoor water use; , , is metered and sewered; 234 is y-intercept, number of gallons per household per day; V is average house value in a range of value per $1,000; Fa is assessment factor; Pa is effective annual marginal price of water, in dollars per 1,000 gallons; I, is effective annual marginal price of water, in dollars per billing period; and Nr is number of residences in value range r.
Summer usage includes indoor and outdoor usage. Outdoor usage is related to lawn or garden sprinkling, car washing, or other similar activity. Irrigable land and moisture deficit are variables which factor into the MW summer equation quantifying this additional usage as follows: (Q.)nu,e=(385 -r-2.876V/Fa -285.8P. -4.351.
-r-157.77 * B * MD)Nr, (5) ft is flat rate with septic tank residential use, Dp is persons per household, and Q, D, and Nr are as defined in equation (1).
In the FP summer-usage equation, an exponential relation exists between housing value and water use. For each 1-percent increase in housing value, water use increases 0.783 percent. Also winter usage is a variable. The relation of water quantity to the variables is as follows: (6) Q,.» V, Fa, Nr, D, and ft are as defined in equations (1), (2), and (5).
Flat Rate with Septic Tank Residential Model
Unit-Requirement Models
The flat rate with septic tank (FP) residential model
The unit-use requirement models estimate future estimates water use for the winter season as a function water demand as a product of projected WSA commercial and industrial employment and a value of per-employee water use. The unit-use coefficient is assumed to be fixed through time; that is, new technology is not a factor the model recognizes. Price elasticities are not factors in the models. Industrial water use is estimated as follows:
(QJ» = (CJa * P., (7) where a is average annual use; n is industrial use category; C is industrial water-use coefficient, in gallons per employee per day; P is water use parameter employment; and Q is as defined in equation (1).
Data Preparation/Model Input
Housing and employment data were prepared as input to the water-use and socioeconomic models contained in the IWR-MAIN System. Several assumptions about the character of the data for the base and the calibration years and about the structure of socioeconomic conditions in future years were necessary to model the basin. These assumptions are detailed within the respective data sections.
The water-use models of the IWR-MAIN System used demographic and economic data provided externally by the user as well as parameter values generated internally by socioeconomic models in the system. Actual values of these parameters (table 7) are required for a base, or beginning year, and projected values of selected parameters for specified future years. The data were developed for each WSA (Bedford, Coffee, Marshall, and Maury) for the residential, commercial, and industrial sectors. This spatial disaggregation allowed the system to consider varying rates of sector growth within the basin, and to consider the effect of different rate structures on water use. Data were prepared for the base year, 1980; calibration year, 1989; and, future years, 1995, 2000, and 2015 .
The socioeconomic models (referred to as housing or employment models) in the IWR-MAIN System generated future values for housing and employment. These models contain coefficients and elasticities developed from intensive statistical analyses of data sets representing a cross section of national housing and employment patterns (U.S. Army Corps of Engineers, 1988) . Unlike the water-use models, these models are not calibrated by the user to reflect local socioeconomic conditions. Instead, data detailing local conditions are input to the IWR-MAIN System and override the parameter-generating algorithms.
For the purposes of this study, the base year (1980) and calibration year (1989) are two different years. Socioeconomic conditions had changed significantly between 1980 and 1989 and sufficient data were available for 1989 to calibrate that year. The quality of the water-use data also improved significantly from 1980 to 1989. Whereas the 1980 water-use data were insufficient to ensure a reliable calibration, a water-use inventory for 1989 provided sufficient data to satisfy modeling requirements.
Some base-year data are required to calibrate the water-use models in this study and some are required by the socioeconomic models to quantify initial housing and employment conditions (table 7) . At a minimum, a water-demand forecast requires the user to input total population, total employment, and median income for each future year. For this study, the number of housing units by type and employment statistics for several categories were projected externally and added to the system for the forecasts.
For the public/unaccounted sector and for the maximum-daily use dimension, water use was estimated externally to the system. Public/unaccounted water was calculated as a percentage of the total municipal water use ( fig. 5 ). For the calibration year, the percentage reflects the unaccounted amount observed for the major public-water facility in each WSA; for the future years, the percentage remains constant through time for each WSA at 15 percent. This 15 percent is close to the default value for the IWR-MAIN System, 14.9 percent. For maximum daily water use, the ratio of maximum daily to annual average water use for 1988 (a drought year) (table 3) was applied to the total water use for the calibration and the future years. This estimated amount represents, therefore, maximum daily water use under drought conditions.
Housing Data
The residential sector of the IWR-MAIN System was disaggregated into two housing categories: MW and FP ( fig. 5) . For modeling the Duck River basin these housing categories were defined as follows:
MW consists of specified, occupied housing units (housing units built on less than 10 acres of land without property attachment) (U.S. Department of Commerce, 1982a). These units are individually metered, but not necessarily sewered.
The FP category was principally used to manage the housing-unit data that were not included in the MW category. It includes housing units which depend on domestic wells (self-supplied) for their water; nonspecified housing units [housing units situated on 10 acres or more or housing units attached to a commercial establishment (U.S. Department of Commerce, 1982a)]; and, mobile homes. FP water demand is not included in the municipal totals for water demand for the basin. FP water-use models were not calibrated for this study, because no actual water-use data existed to compare to a simulated water demand.
Base-and Calibration-Year Data
Several sources of data were used in preparing base-year input values required to construct the residential water-use models (table 7). The U.S. Census Bureau provided data enumerating: specified owner-occupied housing units by value range; renteroccupied units by range of contract rent; and occupied housing units in the county and urban areas served by public-supply systems or served by sewerage (U.S. Department of Commerce, 1982a Commerce, , 1983 . The number of housing units by type (MW or FP) and value range that were input to the model for the base year 1980 resulted from the spatial analysis of these data sets (table 9). All renter-occupied units are included in the MW category. Renter-occupied units were combined with owner occupied units to yield total occupied units by value range. Contract rent was converted to housing value using the following equation:
F is conversion factor, i is 1980 discount rate, and N is number of months in mortgage period.
Equivalent housing value expressed in 1980 dollars is as follows: V = R * F
where V is equivalent housing value, and R is monthly rent. For the calibration year (1989), estimates of the total number of occupied housing units by WSA were provided by the Tennessee Housing Development Agency (Linda Lavagia, oral commun., 1990) . The type of decennial data (U.S. Department of Commerce, 1982a) used to disaggregate the housing units by type (MW or FP) for 1980 was not available for 1989; therefore, the same proportions as determined for the base year were used for 1989 (table 9).
Housing density ( fig. 5, table 7) for the central part of the city of Columbia (David Holderfield, Director of Grants and Planning for the City of Columbia, oral commun., 1991) was used as the housing density value for each WSA for the base, calibration, and future years. This density value is 6 units per acre. Housing density in each WSA is low compared to housing density in the urban areas where most of the municipal water is delivered. Because the model uses housing density to calculate the amount of irrigable land, equation 3, and ultimately summer demand, a high housing density was necessary for each WSA to calibrate the expected summer usage.
The model is structured so that only one value for the housing density variable for the base, calibration, and future years can be specified for each model run. Changing the housing density value creates an alternative water-use scenario. Model input for the pricing and the climate variables have the same limits, wherein each pricing and climate specification represents a new set of model conditions and a different water-use scenario. 
An inventory of water-and wastewater-rate structures for each system in each WSA was used to specify annual, summer season, and marginal price, and to calculate bill difference for the base year (tables 7 and 10, and fig. 5 ). Rate-structure information for the period 1980-90 was compiled and the rates were expressed in 1980 constant dollars. The annual inventory of water-and wastewater-rate structures by Alien and Hoshall Consultants, provided supplemental rate data (1980 to 1990) (Alien and Hoshall Consultants, written commun., 1991). The rate structure imposed by the largest public supplier in each WSA was adopted as the determining rate structure for water demand in that WSA (table 10) . Either this public supplier served most of the connections in the WSA or it distributed water to other systems, influencing their rate structure. The selected systems were Columbia Water Department (Maury WSA), Lewisburg Water System (Marshall WSA), Shelbyville Water System (Bedford WSA), and Tullahoma Utility Board (Coffee WSA).
Future-Year Data
For the future years (1995, 2000, and 2015) , the number of total housing units was generated externally to the IWR-MAIN System ( fig. 5, table 7) . The external method uses the projected resident population for each future year and divides by the number of persons per household in 1990 (U.S. Census Bureau, written commun., 1990) (Appendix B). To project the number of housing units by type for each simulation interval (1989 to 1995; 1995 to 2000; and 2000 to 2015) , the percent of FP housing units was decreased by about 50 percent (table 9). For example, for the Bedford WSA, the FP housing units are 32.5 percent of the total housing units. For the first simulation interval (1989 to 1995) , the percentage of FP units was reduced to 16.2 percent; the next interval (1995 to 2000), 8 percent; and the last interval (2000 to 2015), 4 percent. This reduction quantifies a water-use scenario reflecting an assumed rate of expansion for the public-supply systems and a corresponding rate of decrease for domestic self-supplied water within each WSA. This scenario also assumes that in the future none of the WSA's will be 100-percent supplied by public water.
For the calibration and future years, the number of housing units within a selected value range for a specified housing type (MW or FP) were generated by an internal econometric housing model ( fig. 5, table 7) . In calculating the percent of housing units for a selected value range, this housing model considered the rate of changes in median income and in population from the base year to the future year (U.S. Army Corps of Engineers, 1988) (table 11).
The only complete assessment of median household income in Tennessee occurs in each decennial census ( fig. 5, table 7) . The 1980 Census provided base year (1980) median household income. For the calibration and future years, median household income was projected using a multiplier derived from the average of the rate of change in per capita income in constant 1972 dollars projected by the Bureau of Economic Analysis, U.S. Department of Commerce (1988) (table 12). Six rates of change were projected from 1980 to 2015. These projected rates of change were used in conjunction with the 1979 median household income for each county as reported by the U.S. Census Bureau in 1980, which enabled the projection to be expressed in constant 1979 dollars. The multiplier was used as a measure of expected growth in median household income through the year 2015. The projected rates of change in per capita income ranged from 0.003 to 0.031 (1983-89) (Charles Brown, Director of Tennessee Data Center, oral commun., 1991). For the commercial sector, several SIC categories are grouped into one because the water-use coefficients for the categories are similar. For industry, a more comprehensive data base and a greater range of values for coefficients for the categories resulted in more disaggregation of the industrial categories than of the commercial categories. The number of commercial employment categories for the four WSA's range from 4 to 11. The number of categories for industry range from 13 to 30 (table 13) .
Base-and Calibration-Year Data
The water-use models require employment statistics at the 3-digit SIC level for the commercial and industrial sectors whereas the employment model only requires this level of disaggregation for the base year. The most comprehensive data are published at the 2-digit SIC level by the Tennessee Department of Employment Security (1990 Security ( , 1991 . The U.S. Census of Population and Housing for 1980 (U.S. Department of Commerce, 1982b) provides total employment and employment by 2-digit SIC category for each WSA for the base year 1980. Employment statistics are sparse at the 3-digit SIC level. An unpublished water-use inventory (Tennessee Division of Water Supply, computer files, 1981) for 1980 enabled some disaggregation of industrial water users by 3-digit SIC code. In one major water-use category, metals and machinery (SIC 33), only about 25 percent of the employees were identified at the 3-digit SIC level. Therefore, the remaining employees (SIC 33) were assigned to a 3-digit SIC category that reflected the average water use per employee for the 2-digit category (U.S. Army Corps of Engineers, 1988 ).
The employment model requires total employment data for each WSA for 5 years before the base year, the base year, the calibration year, and each future year. The State Labor Force Summary provided total employment statistics from 1975 (5 years before the base year) to 1989 (Tennessee Department of Employment Security, 1990) . The industrial water-use inventory conducted by TDWS in 1989 (U.S. Geological Survey unpublished data, 1990), the Directory of Manufacturers (White, 1989) , the Community Economic Data publications (Tennessee Department of Economic and Community Development, 1988; 1989a; 1989b; 1989c; , and Tennessee labor force estimates from the Tennessee Department of Employment Security (1990) provided a means of disaggregating the 2-digit employment water-use estimates, statistics to 3-digit statistics. For the calibration year water-use estimates, employment is disaggregated into 3-digit SIC categories.
Future-Year Data
Regression analysis predicted total employment for each WSA for 1995, 2000, and 2015 (Appendix C) ( fig. 5, table 7 ). Information detailing plant closings, expansions, or initiations determined from 1990 industrial data were used to externally project changes to employment statistics in the 3-digit SIC categories. For those SIC categories for which no growth information was available, the employment model generated the future year statistics. The employment model reviews changes in total employment implied by base year and future year data to establish a compound rate of growth. Employment projections for each of the simulation periods result from applying this growth rate to the base-year employment total.
Model Calibration
Model calibration consists of inputting actual socioeconomic data for a period of time and simulating water use by various sectors of the municipal system. Actual water use is compared to simulated results to determine calibration accuracy. Two major steps comprise the calibration process:
(1) Initial simulation using all the default parameters of the IWR-MAIN System; and (2) Analysis of the pattern of errors resulting when the simulated water demand is compared to the actual values, then adjusting equations as needed.
The year 1989 was selected for calibration because water use was inventoried for the public-supply systems and industries in the upper Duck River basin for that year. The water-use inventory provided a guide to adjusting the residential, commercial, and industrial constants and coefficients of the water-use models (tables 13 and 14). For this study, the IWR-MAIN System estimates of the residential water demand for each season exhibit a systematic error of overpredicting (or underpredicting) actual water use in the calibration year. The percent error is approximately the same for all years within each WSA. This pattern of prediction error indicates that residential water use in the study area is characterized by a higher (or lower) base use than that observed in the data that were used to derive the IWR-MAIN System demand models. A systematic error of overpredicting water use was noted in the Coffee WSA (table 15) . In contrast, the simulated residential water demand for the Bedford, Marshall, and Maury WSA's was consistently lower. The simulated water demand for the Maury WSA was slightly less than the actual residential water use.
The winter and summer equation constants (yintercepts) representing gallons per household per day were adjusted to calibrate the seasonal models. Summer and annual water usage for each WSA were calibrated to yield a ratio of about 1.04 to agree with the summer (May-August) and annual ratio for the Columbia Water System for 1989 (fig. 4) . Columbia Water System closely mirrored the seasonal water use of the other major water systems in the basin.
For the industrial and commercial unit-use requirement models, the results of the initial calibration revealed the need to adjust the IWR-MAIN System default coefficients from the Library of Coefficients (U.S. Army Corps of Engineers, 1988) . The coefficient defining the per employee water use in various commercial and industrial categories (table 13) required adjustment, with the commercial sector requiring the greatest adjustments. Per employee rates of use for the largest utility customers were verified using the data compiled from the 1989 survey. These included industries with high employment, high projected rate of growth, or large quantity users. Changes to the coefficients reflect local per employee use for a specific SIC or represent average employee use for aggregated SIC categories (table 13) .
Model Reliability
The constants, coefficients, and elasticities in the water-use models were generally reliable in estimating residential water demand. For two of the WSA's, the (table 14) . The large adjustment to the y-intercept for the residential equations necessary to offset or counterbalance the low elasticities may create some concern about reliability of the model. The alternative is to develop extensive local data to calculate a local set of elasticities. The developers of the model recommend adjusting the equations by the methods described rather than attempting to develop local data with limited resources (Eva M. Opitz, Planning and Management Consultants, Ltd., oral commun., 1991).
The housing model calculates the percent change in number of housing units within a value range based on the percent change in median income and in population from the base year to the future year. This relation between housing units and median income is the least reliable factor in this study and, therefore, open to question. The projected median income is based on projected per capita income (table 12) . These two measures of income are not the same. Per capita income was used in this study because it was the best available projected income data. In Maury County, the percent change in projected median income from 1989 to 2015 was about 77 percent ($14,726 to $26,040) (table 12) . Although the constant dollar amount was small ($11,314) , the percent change in the housing value range, 100.0-150.0 thousand dollars, was large enough that the shift was significant (table 11) However, overall comparisons of the simulated residential water demand for the basin are acceptable and represent the specified model assumptions. 
Results of Simulation
The calibrated models of the IWR-MAIN System were used to simulate water demand in the upper Duck River basin for the years 1995, 2000, and 2015. The results of the simulation (table 17) Maximum daily water demand could increase 91 percent, with the largest potential increases in the Maury WSA (112 percent) followed by the Marshall WSA (100 percent). 
EFFECT OF WATER WITHDRAWALS ON STREAMFLOW
The effect of current and future municipal water withdrawals on streamflow in the upper Duck River was estimated at 11 locations from Normandy Dam to Columbia ( fig. 7, table 18) . A water budget for withdrawals and inflow discharges was calculated for two operational flow scenarios. The first scenario was for a summer minimum discharge of 155 ftVs (100.2 Mgal/d); the second for a winter minimum discharge of 120 ftVs (77.6 Mgal/d). The operational flows are measured at the USGS gage at Shelbyville. Projections show that simulated water demands and flows at key sites would be as follows: 
SUMMARY
The upper Duck River basin includes an area of about 1,700 square miles in Coffee, Bedford, Marshall, Maury Counties, and part of southern Williamson County in Middle Tennessee. Duck River, which is the principal source of municipal water supplies in the basin, has been regulated since 1976 at Normandy Reservoir. The reservoir, located in the headwaters of the basin near Tullahoma, is used for flood control, water-quality enhancements, low-flow augmentation, water supply, and recreation.
Water use in the basin increased 16 percent from 1980 to 1990 (18.0 Mgal/d to 20.9 Mgal/d). Socioeconomic data for the area suggest that water demands will continue to increase in response to residential, industrial, and commercial development. Officials from the Upper Duck River Development Authority and the Tennessee State Planning Office are concerned about the capacity of the river to meet future water demands. In an attempt to address this concern, an investigation was conducted by the USGS from 1989 to 1991 to determine water use and availability in the basin and potential future water demands. The study also included an overview of the potential for developing the ground-water resources in the area. The potential for developing ground-water resources as an important component of the water supply is uncertain because data are insufficient to make a thorough assessment. The geology of the area is complex, with lack of homogeneity among the rocks underlying the area. Limestones of Mississippian and Ordovician age are the principal rocks, with residuum deposits in some areas. Yields to wells in the area vary significantly, ranging from < 1 to as high as 860 gal/min. The most productive wells are located in Coffee County, in limestone rocks within the Highland Rim physiographic region. Analysis of well data indicates that 75 percent of these wells yield less than 30 gallons per minute. Two seepage investigations in subbasins to the Duck River indicate that local areas have potential for increased development of groundwater supplies, but additional testing and drilling would be required.
Projected future water demands in the basin were estimated with the IWR-MAIN System. The system uses a series of socioeconomic water-use algorithms to provide projections of future water demands. The model was calibrated to conditions as of 1989 and used to estimate water demands for the years 1995, 2000, and 2015.
Results from the water-use model projections indicate that water demands for the year 1995 would increase to 24. Coefficient statistically derived measure of a property or characteristic of water use used as a factor in the computation of water demand.
Constant y-intercept in the demand models related to gallons per housing unit per day (U.S. Army Corps of Engineers, 1988).
Constant dollars current dollar figures reflect actual prices or costs prevailing during the specified year(s). Constant dollar figures are estimates representing an effort to remove the effects of price changes from statistical series reported in dollar terms. Constant dollar series are derived by dividing current dollar estimates by the appropriate price index for the appropriate period of time.
The result is presumably a series that would exist if prices were the same throughout time (Vickers, 1989) .
Housing density number of housing units per acre (U.S. Army Corps of Engineers, 1988).
Marginal price price paid for water at the margin (U.S. Army Corps of Engineers, 1988).
Median income type of average which divides the distribution into two equal parts; one-half of the households fall below the median income and one-half of the households exceed the median income (U.S. Department of Commerce, 1982).
Multiple-coefficient demand models includes the price of water to the user, as well as related economic factors such as income, among the explanatory variables. Demand models are usually constructed according to econometric methods, where the structure of the model and the list of potential explanatory variables reflect assumptions regarding causality rather than simply arising from observed correlation (U.S. Army Corps of Engineers, 1988) .
Municipal water-public-supply water delivered to residential, commercial, and industrial users. The amount of water also includes public/unaccounted water.
Per capita income average annual rate of income per person.
Per capita water use average daily rate of use of water per person.
Price elasticity a dimensionless measure of the relation between a percent change in water use and a percent change in price when other factors affecting water demand remain unchanged. The same concept may be applied to express the responsiveness of water use to changes in other variables (Boland and others, 1984) .
Public/unaccounted sector-free-service water and distribution losses which include leakage, pipe flushing, and apparent losses caused by cumulative meter misregistration.
Single-coefficient (or multiple-coefficient) requirement models estimate water use as a product of projected service area population and a projected value of per capita use. It can be expressed as a function of one or more explanatory variables. The models do not include the price of water, or other economic factors, as an explanatory variable. The models imply that water use is an absolute requirement, unaffected by economic choice (U.S. Army Corps of Engineers, 1988).
Standard Industrial Classification (SlC)--the statistical classification standard underlying all establishment-based Federal economic statistics classified by industry. The SIC is used to promote the comparability of establishment data describing various facets of the U.S. economy. The classification covers the entire field of economic activities and defines industries in accordance with the structure and composition of the economy (Office of Management and Budget, 1987) .
Water demand relation between water use and price, when all other factors are held constant. Demand is a negative functional relation; increased price results in decreased water use (Boland and others, 1984 
